Khapra beetle, Trogoderma granarium Everts, is one of the world's most important pests of stored grain. Common in Africa and Asia, it is a quarantine insect for much of the rest of the world where methyl bromide has traditionally been used for its control. However, this ozone-depleting fumigant is now heavily restricted, and alternate methods of control are required. In a two-step process, we examined the use of high-temperature exposure as one such method of control. First, different life stages were held at 45°C for different periods to calculate LT 50 (lethal time to 50% mortality) values. In descending order, the most heat-tolerant life stages at 45°C were diapausing larvae (LT 50 = 41 -122 h) > nondiapausing larvae (LT 50 = 47 h) > adults (LT 50 = 33 h) > pupae (LT 50 = 25 h) > eggs (LT 50 = 10 h). Second, diapausing larvae (the most heat-tolerant stage) were held at 45, 50, 55, and 60°C for different periods to calculate LT 50 , LT 95 , LT 99 , and probit 9 (99.9968% mortality) values. Estimated LT 99 values for diapausing larvae were 288 h at 45°C, 6 h at 50°C, 1.1 h at 55°C, and 1 h at 60°C. Based on these results, an exposure of 2 h at 60°C is recommended to control T. granarium with high temperatures. To meet requirements for control of quarantine pests, exposure of between 2 and 12 h at 50-60°C is recommended to cause probit 9 mortality, but additional experiments are needed to get a better estimate of probit 9.
approval of new methods to be used in quarantine security (i.e., to avoid the introduction of exotic pests into a country), some countries required the estimation of the times necessary to kill 99.9968% (probit 9) of the population; i.e., exposure of 93,613 individuals to the treatment with no survivors (Robertson et al. 2007) . Developing effective protocols with minimum cost requires exposure of the pest in various life stages to different combinations of temperatures and exposure times. In addition, standardization of analytical methods is required to calculate treatments needed to kill 50% (LT 50 ) and 95% (LT 95 ) of the population (Wilches et al. 2016) .
A key feature of T. granarium that has contributed to its status as a pest is the ability of mature larvae to undergo facultative diapause. Although not all individuals enter this state (Denlinger 1991 , Bell 1994 , Wilches et al. 2016 , those that do continue to occasionally feed and molt but may remain in diapause for >3 yr before terminating diapause, pupating, and emerging as adults. (Burges 1962a, Nair and Desai 1972) . Diapausing T. granarium larvae have an increased tolerance to insecticides (e.g., phosphine), starvation, extreme temperatures, and low humidity (Lindgren and Vincent 1959 , Bell et al. 1984 , Wilches et al. 2017 . Diapause is initiated and maintained by external cues that include low temperatures, inadequate food, isolation, or crowding (Burges 1962a, Nair and Desai 1972) . Termination of diapause in dermestids can be spontaneous or in response to changes in density of larvae, a rapid increase in temperature, or by photoperiod (Loschiavo 1960; Burges 1961; Beck 1971a,b; Wright and Cartledge 1994) . The facultative diapause of Khapra beetle differs from quiescence in that it is controlled by multiple genes and selective breeding can produce strains without diapause or with obligate diapause (present in other dermestids) (Burges 1962b, Nair and Desai 1973) . In contrast, quiescence does not depend on endogenous control for its initiation and is a function of the environment acting on metabolic rates. In addition, diapause in Khapra beetle only occurs in the larval stage, whereas quiescence is not specific to life stage (Wilches et al. 2016 , Gill et al. 2017 .
In this study, we report the development of protocols to control T. granarium with high temperatures. Using exposures at 45°C, we first identified the most heat-tolerant life stage (Experiment 1). We then exposed this life stage (diapausing larvae) to temperatures of 45, 50, 55, and 60°C for different periods to estimate LT 50 , LT 95 , LT 99 , and probit 9 values (Experiment 2).
Materials and Methods

Study Species and Life Stages Tested
Insects originated from field collections made in 2011 from stored wheat in a Pakistani grain market. These collections were used to establish a colony at the Grain Research Laboratory, Training and Storage Management Cell (Department of Entomology, Faculty of Agriculture, University of Agriculture Faisalabad, Punjab, Pakistan). Larvae from this colony were subsequently imported to Canada in 2013 to establish a colony under quarantine conditions at the Insect-Microbial Containment Facility (Lethbridge Research and Development Center, Agriculture and Agri-Food Canada, Lethbridge, Alberta, Canada, Canadian Food Inspection Agency import number P-2017-00081). Insects were reared in 1-liter jars in a dry diet (200 g per jar) composed of ground dog food (Purina Dog Chow, Mississauga, Ontario, Canada; 47.5% by weight), instant skim milk powder (Carnation Milk, Markham, Ontario, Canada; 17.5%), wheat germ (17.5%), and brewer's yeast (MP Biomedicals, Santa Ana, CA; 17.5%) (Abdelghany et al. 2015) . Jars were initially kept at 30 ± 2°C, 15 ± 10% RH, in 14-h darkness and 10-h light conditions. All experiments were done in this same quarantine facility using the same diet and rearing conditions. Life stages used in these experiments included eggs, pupae, unsexed adults, nondiapausing larvae, and diapausing larvae. Eggs were removed with a fine-haired paint brush from Petri dishes (100mm diameter, 15-mm height) into which 20 adults had been placed 5 d previously. Pupae and adults were obtained directly from the colony. Nondiapausing larvae were obtained by rearing individuals at low densities (25 larvae/6 g of diet) for 23-25 d after hatching. To obtain diapausing larvae, we followed the methods described by Wilches et al. (2017) . Diapausing larvae of T. granarium have an arrest in development that leads to a long larval stage and no pupation for long periods of time. Therefore, the lack of pupation was used as an indicator of larvae in diapause. Newly hatched larvae were reared at high densities (>230 larvae/6 g) at 30°C and the larvae that did not pupate after 60-62 d were considered to be in diapause (nondiapausing larvae pupate after 30-35 d).
Determination of the Most Heat-Tolerant Life Stage (Experiment 1)
For each combination of life stage, duration of exposure and date, 20 individuals were placed in each of three glass vials (2.8-cm diameter, 8-cm in height) with 3 g of diet and held at 45 ± 0.1°C (mean ± SEM) in a convection oven (Fisher Scientific, Isotemp, Toronto, Ontario, Canada). The temperature of the diet was monitored every minute with thermistors attached to data loggers (HOBO U23 Pro External Temperature/Relative Humidity Data Logger Onset Computer Corporation, Bourne, MA). Durations of exposure were based on results from preliminary studies and from reports in the literature (Wilches et al. 2016 ); eggs (0, 2, 6, 12, 18, 24 h), diapausing and nondiapausing larvae (0, 1, 2, 3, 4, 7 d), and pupae and adults (0, 12, 18, 24, 48, 96 h) . After removal from 45°C, individuals were held at 30°C for 5 d. Mortality was subsequently assessed by observing eggs and pupae for eclosion, and larvae and adults for movement.
Results for diapausing larvae obtained in Experiment 1 (August 2015) were different from results in Experiment 2. To resolve this discrepancy, the test was repeated twice more for diapausing larvae on different dates in May 2016 and in February 2017. The mortalities between diapausing and nondiapausing larvae were compared using a two-sample t-test assuming unequal variances.
Heat Tolerance of Diapausing Larvae (Experiment 2)
For the most heat-tolerant stage (identified in Experiment 1 as diapausing larvae), the time required to kill 50 (LT 50 ), 95 (LT 95 ), 99 (LT 99 ), and 99.9968% (probit 9) of individuals was calculated for exposures to 45, 50, 55, and 60°C. For each combination of temperature and duration of exposure, 20 diapausing larvae were placed in each of three glass vials (2.8-cm diameter, 8-cm height) with 3 g of diet, capped with plastic lids that had a mesh vent of 5 mm in diameter. The vials were then exposed in a convection oven to different treatments of temperature and time as follows: 45 ± 0.1°C (mean ± SEM) (1, 2, 3, 4, 6, and 6.5 h), 50 ± 0.1°C (1, 2, 2.5, 3, 3.5, and 4 h), 55 ± 0.1°C (15, 30, 45, 50, 55, and 60 min) , and 60 ± 0.1°C (10, 20, 30, 35, 40, and 50 min) . Individuals used as controls were held under the same conditions, except at a temperature of 30°C. As above, thermistors attached to data loggers were used to monitor the temperature in the middle of the diet mass, which reached the target temperature in about 10 min (heating rate of 1.3°C/min), but the duration of the treatments was the total time in the oven. The mortality of individuals was assessed as movement of the larvae after being kept for 5 d after the removal from the temperature treatments at 30°C. To evaluate the effect of the temperature treatment on the termination of diapause, the termination of diapause was assessed after 15 d as the percentage of larvae that survived the exposure and pupated (Burges 1962b, Nair and Desai 1973) .
Analyses
Probit analysis without logarithmic transformation of the time of exposure was used to calculate the LT 50 and LT 95, LT 99 (99% mortality), and probit 9 (99.9968% mortality) for each life stage or temperature. Statistical analyses were performed using PoloPlus 2.0, LeOra Software (Robertson et al. 2007 ).
Results
Determination of the Most Heat-Tolerant Life Stage (Experiment 1)
Based on LT 50 values at 45°C, the heat tolerance of different life stages in descending order was diapausing larvae > nondiapausing larvae> adults > pupae > eggs (Table 1 ). The χ 2 goodness-of-fit statistic for each life stage indicates that the probit model adequately fitted the data (Table 1 , P > 0.05) for eggs and diapausing larvae, but not for nondiapausing larvae, pupae, and adults.
Nondiapausing larvae had an LT 50 of 36-48 h at 45°C. Diapausing larvae had an LT 50 of 41-137 h at 45°C (Tables 1 and  2) . Experiments run in August 2015 with both nondiapausing and diapausing larvae show no effect of diapause on heat tolerance (Table 1) . Experiments run in February 2017 did not produce data that could be fitted to the probit model. However, for nondiapausing larvae, the mean mortality was 23 ± 10% after 24 h of exposure and 100 ± 0% after 48 h of exposure. For diapausing larvae, the mean mortality after 48 h was 45 ± 8% after 48 h and 100 ± 0% after 72 h. Nondiapausing larvae had a higher mortality than did diapausing larvae after 48 h of exposure (t = 6.63, P < 0.05, n = 3). Experiments run on other dates (May 2016, Table 2 ) without corresponding nondiapausing larvae for comparison estimated the LT 50 of diapausing larvae at ~120 h (Tables 1 and 2).
Heat Tolerance of Diapausing Larvae (Experiment 2)
Holding diapausing larvae for 1.5 h at 60°C or 8 h at 50°C was sufficient to control them (Table 2, LT 99 upper CI limit). The estimates for durations needed to attain probit 9 were 2 h at 60°C or 12 h at 50°C (Table 2 ). The χ 2 goodness-of-fit statistic versus degrees of freedom for each temperature indicates that the probit model does not adequately fit the data (Table 2 ; P < 0.05).
Fewer larvae terminated diapause when exposed to high temperatures ( Fig. 1) . Control larvae not exposed to high temperatures had 51% (± 3.07) diapause termination (pupated in <15 d). The percent terminating diapause dropped to <10% with exposure to the various high temperatures (Fig. 1) . This is clearest at 50°C. Insects never exposed to high temperature had 51% diapause termination, but insects exposed to 1 h of 50°C had <10% diapause termination and still high survival.
Discussion
The most heat-susceptible life stages of T. granarium were eggs and pupae, as was in the congeneric Trogoderma variabile (Wright 2002) . Some authors suggest eggs are generally the most heat-susceptible life stage in stored-product insects (Hammond 2015) . However, the heat tolerance of different life stages varies among species and must be assessed for each species individually. For example, eggs are the most heat tolerant life stage in Lasioderma serricorne (Fabricius) (Coleoptera: Anobiidae) (Yu 2008) , Liposcelis bostrychophila (Badonnel), Liposcelis decolour (Pearman), and Liposcelis paeta (Pearman) (Psocoptera: Liposcelididae) (Fields 1992 , Beckett and Morton 2003a , Abdelghany et al. 2010 . Differences in the heat tolerance among life stages are due to ontogenetic, physiological, and ecological differences among them Rojas 1985, Denlinger and Lee 1998) . Therefore, eggs and pupae of T. granarium might have a lower capacity to repair heat-related injury and are unable to move to microenvironments with less extreme temperatures (Knight et al. 1986 , Lee 1991 , Mason and Strait 1998 . The results of the current study validate the need to test all life stages of an insect being targeted for control using high temperatures.
Physiological changes during diapause can increase heat tolerance in insects (Denlinger and Yocum 1998) . Reduced metabolism, arrested cellular activities, and the production of stress proteins during diapause allow insects to better withstand thermal and other ecological stresses. Diapause sometimes increased the heat tolerance of T. granarium larvae, e.g., diapause caused a 1.5-fold increase in the LT 50 of nondiapausing larvae (Table 1 ). The results of the current study agree previous studies that suggest diapause is a factor that increases heat tolerance in T. granarium. Battu et al. (1975) obtained a 0.4-fold increase in the LT 50 of T. granarium exposed to 45°C with diapause. This study also concluded that for control at 45°C, an Test of February 2017. The LT 50 and LT 95 could not be calculated with the model, an estimated value is given *n = Number of vials with 20 individuals each combined across the time intervals. exposure of 4.1 d for nondiapausing larvae and 6 d for diapausing larvae are required (Battu et al. 1975 ). However, in T. variabile, nondiapausing larvae were found to be the most heat-tolerant life stage at 56°C followed by diapausing larvae (Wright 2002) .
The development of methods of control using high temperatures should target the most tolerant life stage of the insect, which generally is the stage in diapause (Howe 1962 , Fields 1992 ). In T. granarium, we have shown that diapausing larvae are the most heat-tolerant life stage at 45°C. The relation between diapause and heat tolerance may be coincidental, and a consequence of physiological changes occurring in diapause that might also increase heat tolerance (Masaki 1980) . For example, pupae in diapause of the fly Sarcophaga crassipalpis have a puparium coated with twice the amount of hydrocarbons than nondiapausing pupae. The higher quantity of hydrocarbons prevents water loss in the pupae in diapause and consequently increases its heat tolerance (Yoder et al. 1995) .
The intensity of diapause or genetic differences may affect the heat tolerance of diapausing larvae. The differences in the lethal times calculated for diapausing larvae tested at 45°C in August 2015 and May 2016 (Table 1) might be due to a deeper state of diapause in the latter group perhaps, because of differences in the density of rearing for the larvae (Burges 1962b , Tauber and Tauber 1976 , Masaki 2002 . Larvae deeper in diapause have a lower metabolism, higher production of stress proteins, and consequently an increased tolerance to extreme conditions (Sinclair et al. 2013) . This deeper state of diapause might have been caused by a higher density of larvae during rearing (Denlinger and Lee 1998, Subramanyam et al. 2011) . The heat tolerance in insects can also be acquired through genetic adaptation, long exposure to high temperature, and rapid heat hardening (Denlinger and Yocum 1998) .
Trogoderma granarium is considered one of the most heat-tolerant stored-product insect pests (Fields 1992) . Previous studies show that an exposure of 2 h at 50°C is fatal for all life stages of storedproduct insects (Michelbacher 1953 , Evans 1986 , Fields 1992 , Phillips and Throne 2010 . However, many diapausing larvae of T. granarium would survive a 2 h exposure at 50°C, and the control of all life stages (upper confidence limit of LT 99 ) would require an exposure of 8 h. Rhyzopertha dominica (Coleoptera: Bostrychidae) (22) has a high heat tolerance (Mookherjee et al. 1968 ). The upper limit of LT 50 for R. dominica is 3 h at 50°C or 31 h at 45°C (Beckett et al. 1998, Beckett and Morton 2003b) , whereas for T. granarium is 4 and 161 h, respectively. The high heat tolerance of T. granarium might reflect its adaptations to avoid desiccation, which is the mechanism of heat-related damage at temperatures below 50°C (Fields 1992, Denlinger and Yocum 1998) . Trogoderma variabile is more heat-susceptible and can be controlled by an exposure of 5 min at 56°C (Wright 2002) . This result is not unexpected, given that T. granarium is endemic to hot and dry environments, whereas T. variabile has a Nearctic origin (Hinton 1945 , Banks 1977 , Eliopoulos 2013 ). The probit 9 values estimated in this study should be considered rough approximations but can be used in confirmatory tests for designing quarantine treatments. Tests with many more individuals at several durations above the LT 95 are needed to obtain more precise probit 9 estimates (Follett and Neven 2006) . The upper CI values probit 9 determined in this study for T. granarium are longer than the recommendations of the USDA (7 min at 65.5°C) for the postentry quarantine treatment of commodities and transport vehicles (Stibick 2007) . Although we did not test the required number of insects to estimate the probit 9 with high confidence, these data could be used in confirmatory large-scale testing by exposing diapausing larvae at 60°C for 2 h to establish the efficacy of the treatment and to estimate with high confidence probit 9 (93,616 treated individuals) or the probit 8.7 (30,000 treated individuals) (Robertson et al. 2007 , Schortemeyer et al. 2011 . The validity of probit 9 measure has been criticized, because it is too stringent and it is difficult to accquire enough test individuals to estimate it (Robertson et al. 2007 , Schortemeyer et al. 2011 ). Probit 9 is still an obligatory requirement internationally to provide recommendations for the control of quarantine pests, although Australia, Japan, and New Zealand accept a treatment efficacy of 99.99% (probit 8.7) for some pests and commodities and other alternative standards have been developed Neven 2006, Schortemeyer et al. 2011) . For the design of recommendations for quarantine treatments, current data should be used in the development of mathematical models that consider the commodity or structure to be treated, the infestation rate of the commodity, and the probability of establishment of the pest rather than a percentage of mortality (Landolt et al. 1984 , Follett and McQuate 2001 , Jian et al. 2013 ).
There are a number of factors that affect diapause induction and termination; e.g., food quantity and quality, density, photoperiod, humidity and temperature in T. granarium, and other dermestids (Wilches et al. 2016) . In our tests, 51% of diapausing larvae terminated diapause before exposure to high temperature, but this dropped to as low as 0% diapause termination with exposure to high temperatures. This indicates that high temperature can increase the proportion of insects in diapause, allowing insects to avoid unfavorable conditions for growth.
